In order to support the creation of both artificial living organisms in USA LANL "Protocell Assembly" project and programmable nano-biorobots in EU "Programmable Artificial Cell Evolution" project, we used quantum mechanical (QM), density functional theory (DFT), semiempirical PM3 method, and molecular mechanics (MM) software to investigate various complex photosynthetic systems based on peptide nucleic acid (PNA) in a water environment.
INTRODUCTION
Up to dimensions of 100 nm-300 nm (depending on temperature) all of nature is described by general quantum (wave) theory. This includes nano-protoorganisms.
A self-assembled minimal artificial living protocell may be considered as a number of electrons surrounding a set of positively charged atomic nuclei. Electrons are very light and small and are described in terms of wave or quantum mechanics using the Schrödinger equation.
With increasing electron correlations accuracy and supercomputing applicability of quantum molecular modeling tools, the challenge is beginning to shift to addressing how quantum molecular modeling can help engineer bioorganic materials and processes at the protolife scale.
Quantum mechanical ab initio HF and time dependent DFT (TD-DFT) designed light-driven, single supermolecular devices based on fullerene, biliverdin and photoactive molecules, and supermolecules could form the basis for logically-controlled organic molecular machines and elements of molecular classical and quantum computers [1] [2] [3] [4] that might be installed in artificial programmable living organisms.
The properties at the minimal life scale not only depend on the intra-molecular arrangement, but often on how the nanoscale self-arrangements of these bioorganic molecules produce themselves the living protocell. Thus, molecular design of protolife properties requires increased understanding of quantum mechanical molecular scale, quantum information self-assembling nano-and meso-scales and classical information molecular mechanics micro-scale phenomena. While the artificial life designers society has not generally solved this quantum information problem, quantum methods developed are proving feasible in solving specific protolife problems or predicting specific artificial life phenomena.
A number of publications and discussions 5 now claim that life on Earth emerged 3.5-3 8×10 9 years ago and was based on PNA because at that time the climate was hotter and there was significant UV radiation. The main idea of this article is to perform QM modeling of self-assembly and charge transfer in possible first protoorganisms in the Earth and artificial living organisms that are synthesizing in the USA Los Alamos National Laboratory (LANL) "Protocell Assembly" project 6 using larger supramolecular systems and more exact quantum mechanical methods in comparison with article. 7 The experimentally made artificial molecular electronic computing organisms might be already were in the first stages of life emergency in the Earth or still exist somewhere in the Space. This article provides a collection of quantum mechanical tools and their application in a variety of protocell photosynthetic problems and provides a perspective to the successes of synthesis of new forms of living organisms.
USED QUANTUM MECHANICAL MOLECULAR PHYSICS
The quantum mechanical molecular electronic and spintronic structure investigation methods use BornOppenheimer approximation to decouple electron and nuclear motions which is fully justified for most cases. 8 9 Subsequently one needs to solve the Schrödinger equation for the electronic system only, where nuclear positions enter as parameters. Quantum chemical methods provide practical recipes for approximate solutions of many-electron molecular systems. 8 9 In particular, the HF approximation maps the complex many-body problem onto an effective one-electron problem in which electron-electron repulsion is treated in an average (mean field) way and assumes the simplest antisymmetric wave function for the N -electron molecule, i.e., a single Slater determinant
Here i x are the molecular orbitals (MO). Following Roothaan's procedure, 10 they are expanded as linear combinations of localized atomic basis functions k x :
In the UHF approach, x refers to both coordinate and spin variables:
( and correspond to spin "up" and "down," respectively).
The HF secular eigenvalue equation is derived variationally by minimizing the energy with respect to the choice of MOs, i.e., the coefficients C ki
where C is the matrix of coefficients C ki , S is the overlap matrix coming from non-orthogonality of atomic basis functions k x , E is the eigenvector of the respective MOs energies, and F is a Fock operator (an effective Hamiltonian for one electron) which depends on the electronic density matrix ij given by
where the sum runs over the occupied molecular orbitals. Eq. (4) is nonlinear and usually is solved iteratively using the self-consistent field procedure. The HF approximation is not very accurate because it does not include electronic correlation effects. 8 9 DFT makes it possible to treat these correlations by mapping the complex many-electron problem into an effective mean field problem with the same energy, which is the functional of the electronic density. As a result, in the DFT one solves the same one electron problem (Eqs. (1)-(5)) where the Fock operator is replaced by Kohn-Sham operator h which is a functional of the electronic density. In principle this mapping is exact, but the functional is unknown. Extensive research, however, has formulated accurate functionals suitable for many complex cases. 10 11 A detailed description of the DFT, self-consistent field (SCF) procedure, expressions for the ground state SCF energy, and the Fock and Kohn-Sham operators are readily available from modern quantum chemical textbooks. 8 9 11 12 Our performing quantum simulations of single bioorganic possessing close electronic shells start from a trial geometry (Cartesian coordinates of the nuclei). Using restricted HF, DFT approaches and SCF procedure in the Gaussian03 13 or GAMESS-US 14 program packages we obtain the lowest molecular energy which depends on these coordinates parametrically. A subsequent standard geometry optimization procedure 8 12-14 minimizes the energy with respect to the nuclei positions. Special care is necessary to do in order to verify that the obtained optimal molecular structure is a global minimum in the phase space of the nuclear (3n − 6, n being the number of atoms) degrees of freedom.
In order to obtain accurate results for investigating supermolecules, two factors need to be accounted for: (i) the quality of the density functional and (ii) the quality of the molecular orbitals (extent of the phase space for single-electron states). For simple covalently bonded molecules we chose the Becke's 3 parameter exchange functional 15 with non local Lee-Yang-Parr electron correlation 16 (DFT B3LYP) and PBEPBE, 13 17-19 PBELYP 14 17 models. Currently, the B3LYP model is considered to be the most appropriate model to take into account electron correlations in large close-shell supermolecules where atoms are linked by covalent bonds (there are no Van der Waals and hydrogen bonds between atoms in single molecule). 20 21 For simulations of the selfassembly of bioorganic supramolecules where separate molecules are associated by hydrogen bonds or Van der Waals forces we used PBEPBE 13 17-19 and PBELYP 14 17 models where exchange functionals include some electron correlation effects in larger distances and relatively well describes Van der Waals forces and hydrogen bonds.
To obtain accurate optimal molecular geometries for neutral radical molecules, we use the 6-311G * * basis set which includes (5D, 7F) polarized atomic orbitals, and for self-assembly of bioorganic molecules we add diffusion orbitals 6-31 + + G * * (the standard tables 22 give the appropriate basis set description).
We have used GROMACS software 23 for the molecular mechanics (MM) simulations of optimal geometry of large artificial living systems consisting of around 8000 atoms.
QUANTUM MODELING OF SELF-ASSEMBLY AND PHOTOINDUCED ELECTRON TRANSFER IN PNA BASED PROTOORGANISM
The main parts of artificial protoorganism proposed by 6 LANL are: the fragment of PNA double helix, the lipid molecules double layer which comprise the container, the light absorbing 1,4-bis(N ,N -dimethylamino)naphthalene sensitizer, and lipid precursor and water molecules. Peptide nucleic acids (PNA) are similar to DNA with a peptide oligomer backbone. PNA are able to form very stable duplex structures with Watson-Crick complementary DNA, RNA (or PNA) oligomers. Comparison of DNA (left half) and PNA (right half) backbones are given in the Scheme 1 (b means attached nucleobase molecule).
Chemical formulas of molecules used in this article for the simulations of LANL protocell are:
The geometry of separate molecules were individually optimized using the PBELYP 17 model with the 6-311 + + G * basis set implemented in the GAMESS-US program package 14 which is installed in Vilnius laboratory 6 + 2 nodes heterogeneous PC cluster and with PBEPBE/6-311 + + G * 17 implemented in the Gaussian03
program package (SGI64-G03RevC.01) 13 on Poznan's SGI Origin 3000 machine.
The molecular mechanics (MM) optimization of geometry of the protocell fragment containing cytosine-PNA with attached 1,4-bis(N ,N -dimethylamino)naphthalene sensitizer and lipid precursor molecules, six lipid molecules in 7300 water molecules box with longitude of 80 Å was performed firstly by GROMACS software 23 (see Fig. 1 ). All the figures in this article is done by MOLEKEL interactive 3D molecular graphics package 24 for visualizing molecular and electronic structure data from Fig. 1 . The optimized geometry of the main parts of the LANL protoorganism with a 1,4-bis(N ,N -dimethylamino)naphthalene sensitizer surrounded by hundreds water molecules as determined using the PBEPBE/3-21G Gaussian03 package on the LANL SGI Altix 3000. Carbon atoms are in green, hydrogens are in grey, oxygens-red, nitrogens-blue. the output of various quantum mechanical software including. 13 14 18 19 Later many of water molecules were cut and geometry of this bioorganic complex remaining 1200 atoms was optimized using QM semiempirical PM3 method implemented in GAMESS-US 14 on Vilnius computer cluster. The self-assembly geometry optimization of all the main parts of protocell was performed with PBEPBE/3-21G 17 implemented in SGI64-G03RevC.02 13 on the LANL SGI Altix 3000 machine.
Finally, the main part of water molecules which are not binded by hydrogen bonds with PNA fragment and lipid molecules were removed before the geometry optimization of this bioorganic complex consisting of 361 atoms by using DFT. Self-assembly process of these main parts of protoorganism was simulated quantum mechanically using PBEPBE/3-21G 17 model implemented in SGI64-G03RevC.02 13 on LANL SGI Altix 3000 machine (see the lowest energy displacement in Fig. 2) .
Groups of lipid monolayer molecules attached to the simple similar photosynthetic system investigated in the paper 7 when not surrounded by water have a tendency to separate during the PBEPBE/3-21G geometry optimization from their initially constructed regular structure due to repulsion of the negatively charged heads and positively Fig. 2 . The optimized geometry of the main parts of the LANL protoorganism with a 1,4-bis(N ,N -dimethylamino)naphthalene sensitizer surrounded by selected water molecules as determined using the PBEPBE/ 3-21G Gaussian03 package on the LANL SGI Altix 3000. Carbon atoms are in green, hydrogens are in grey, oxygens-red, nitrogens-blue. charged tails. It is only because of the occurrence of Van der Waals and hydrogen bonds between the lipid and water molecules (these bonds are marked in dash lines in Fig. 2 ) that the lipid monolayer exists. The same Van der Waals and hydrogen bonding also maintains the integrity of the entire bioorganic complex. Enlarging of the number of water molecules in the photosynthetic system leads also to the reducing of the intermolecular distances. For example, in the photosynthetic system with 129 atoms the shortest distance between atoms of sensitizer and lipid precursor molecules is around 5 Å and in the present 361 atoms system this distance is approximately 3.5 Å. Water molecules, which surround the entire bioorganic complex are main construction factors and stabilize the system due to electron correlation induced Van der Waals forces and hydrogen bondings.
Important feature in the processes of the self-assembly and photosynthesis is characterization of LANL protocell by the obtaining topological features such as Van der Waals and hydrogen bonding distances between molecules, volume, and surface area that are drawn by MOLEKEL software (see Fig. 3 ). Since PNA interact with other lipid and water molecules through their correlated electrons, intermolecular distances and surface area calculations are critical in understanding time dependent electron tunneling processes in various excited states of LANL protocell. The distances from separated sensitizer, lipid precursor, and water molecules are in the region of Van der Waals and hydrogen bonding radiuses therefore we may regard all this our obtained electron correlated model of LANL protocell as single electron conjugated supramolecule.
We predicted the electron - * transitions in the first six excited states analyzing the HOMO − m and LUMO + n images generated on supramolecule shown in the Figure 2 : cytosinePNA fragment-1,4-bis(N ,Ndimethylamino)naphthalene sensitizer supermolecule and lipid precursor molecule. This was done for a water molecules based system using the TD PBEPBE/6-31G model 13 18 19 (see Table I and Figs. 4-15 ). One should note that in the presence of small amount of water molecules in the photosynthetic system when total number of atoms in the system is equal to 129 atoms the first electron - * transition leads to absorption line at 573.33 nm, and when total number of atoms in the system is equal to 208 atoms the first electron - * transition leads to absorption line at 716.8 nm while in the present 361 atoms system this first transition leads to absorption line at 756.8 nm (see Table I ). The first transition leads to absorption at 439.21 nm in a very simple photosynthetic system investigated in paper 7 without water molecules. We can state that the absorption spectrum shift to the red wavelengths in the complex artificial protocell Fig. 4 . The electron - * transition in the first excited state is from HOMO located on the conjugated water molecules near the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule of the LANL protoorganism (left half) to the LUMO of the lipid precursor molecule (right half) as calculated using the TD PBEPBE/6-31G model. 13 18 19 photosynthetic center might be as the measure of the complexity of this system. Each excited state is composed mainly from one individual HOMO − m → LUMO + n transition (see Table I ) therefore it is possible to say that electron in certain excited state will tunneling from certain HOMO − m to certain LUMO + n.
Blue are negative values of wave function and grey are positive in the Figure 4 and other figures where are drawings of wave functions.
We also visualized the electron charge tunneling in the first excited state from the conjugated water molecules (top-right in the Figs. 2, 3, and 4) near the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the lipid precursor molecule as calculated using the TD PBEPBE/6-31G model 18 19 (see Figs. 4 and 5) . These conjugated water molecules are as electron tunneling bridges since they are close to the sensitizer 1,4-bis(N ,Ndimethylamino)naphthalene molecule and close to the lipid precursor molecule.
Electron cloud hole in the Figure 5 and in all other electron charge tunneling cases in different excited states are visualized by blue color and the transferred electron cloud location is visualized by grey color. The electron charge tunneling in the second excited state is from the conjugated water molecules near the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the lipid molecule near the lipid precursor molecule as calculated using the TD PBEPBE/6-31G model (see Figs. 6 and 7). This is not intensive (see Table I ) transition which converts light energy to the vibrations of lipid molecules (to the heat).
The electron charge tunneling in the third excited state from the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the lipid precursor molecule as calculated using the TD PBEPBE/6-31G model (see Figs. 8 and 9 ).
Electron tunneling in the first and third excited states should induce metabolic photodissociation of lipid The electron charge tunneling in the fourth excited state is from the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the lipid molecule near the lipid precursor molecule as calculated using the TD PBEPBE/ 6-31G model (see Figs. 10 and 11 ). This is not intensive (see Table I ) transition which converts light energy to the heat motion of lipid molecules.
Electron tunneling in the second and fourth excited states should convert light energy to heat motion of lipid molecules because of transferred electron cloud location on the lipid molecule (see Figs. 7 and 11) .
The electron charge tunneling in the fifth excited state from the conjugated water molecules (top-right in the molecule as calculated using the TD PBEPBE/6-31G model 18 19 (see Figs. 12 and 13). These conjugated water molecules are close to the sensitizer 1,4-bis(N ,Ndimethylamino)naphthalene molecule and might be considered as part of sensitizer.
One should note that in a water solvent, the most intensive electron - * transition (see Table I ) in the sixth excited state is from the HOMO − 1 located on the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the LUMO + 2 located on the cytosine molecule as calculated using the TD PBEPBE/6-31G model (see Fig. 15 . Visualization of the electron charge tunneling in the sixth excited state from the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the cytosine molecule. Fig. 14) . As we mentioned above, exist also the electron - * transition in the fifth excited state from HOMO located on the conjugated water molecules near the sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the LUMO + 2 of the cytosine molecule (Fig. 12 ). All these two results indicates that exist strong back electron tunneling from sensitizer 1,4-bis(N ,Ndimethylamino)naphthalene molecule to the cytosine molecule (see Figs. 13 and 15 ) in the artificial photosynthetic system described in the paper 6 that reduce the quantum yield of this artificial protoorganism.
We are performing quantum mechanical search of new more efficient sensitizers and would like to offer to organize the experiments of these artificial organisms 6 with tuning laser monochromatic light and perform laser femtosecond scanning of electron tunneling directions in the different excited states.
CONCLUSIONS
Quantum mechanical DFT PBEPBE simulations including electron correlations confirm that water molecules which surround all the photosynthetic complex of LANL protoorganism are main constructing factors and stabilize this system consisting of: PNA fragment with attached by covalent bond sensitizer 1,4-bis(N ,N -dimethylamino) naphthalene molecule, lipid precursor molecule, and fragment of lipid molecules mono layer.
One should note that in the presence of small amount of water molecules in the photosynthetic system when total number of atoms in the system is equal to 129 atoms the first electron - * transition leads to absorption line at 573.33 nm, and when total number of atoms in the system is equal to 208 atoms the first electron - * transition leads to absorption line at 716.8 nm while in the present 361 atoms system this first transition leads to absorption line at 756.8 nm. The first transition leads to absorption at 439.21 nm in a very simple photosynthetic system investigated in paper 7 without water molecules. We can state that the absorption spectrum shift to the red wavelengths in the complex artificial protocell photosynthetic center might be as the measure of the complexity of this system.
The electron - * transitions in the first and third excited states are from HOMO and HOMO − 1 located on the conjugated water molecules and sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the LUMO of the lipid precursor molecule as calculated using the TD PBEPBE/6-31G model. Electron tunneling in the first and third excited states should induce metabolic photodissociation of lipid precursor molecule because of localization of transferred electron cloud on the head (waste) of lipid precursor molecule.
One should note that in a water solvent, the electron - * transition in the fifth and sixth excited state are from the HOMO and HOMO − 1 located on sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the LUMO + 2 located on the cytosine-PNA fragment molecule. Investigation results indicates that exist strong back electron tunneling from sensitizer 1,4-bis(N ,N -dimethylamino)naphthalene molecule to the cytosine molecule in this LANL artificial photosynthetic system that significantly reduce the quantum yield of this protoorganism.
We are performing quantum mechanical search of new more efficient sensitizers and offering to organize the experiments of these artificial organisms with tuning laser monochromatic light and perform laser femtosecond scanning of electron tunneling directions in different excited states.
